Summary &mdash; An identified population of honeybee descending neurons (DNs) responds to wide-field motion over the compound eyes. They give non-habituating, directionally selective responses which adapt to continued motion. Contrast sensitivity functions show the responses depend on luminance, contrast, spatial and temporal frequency. The distribution of the DNs' outputs in the thoracic ganglia is consistent with changes in muscular activity required for particular compensatory movements. These features suggest the DNs lie along the optomotor pathway. The DNs' responses have different time-courses. This might reflect distinctions in their putative inputs and between pathways implicated in different aspects of visually mediated flight control. The responses of horizontal DNs to contraction and expansion and to unidirectional motion were compared revealing differences in the way they integrate the monocular components of binocular flow-fields and how velocity and spatial structure effects this integration. It is possible the DNs are convergence site(s) for substrates underlying different behaviours each triggered by specific optical flow templates.
INTRODUCTION
The honeybee's ability to discriminate between colours (von Frisch, 1914; Menzel, 1967) and shapes (Anderson, 1972) and perceive depth (Srinivasan et al, 1989) and distance (Kirchner and Srinivasan, 1989; Srinivasan et al, 1991) is impressive. Contemporary analysis of the honeybee's extensive list of visually mediated free-flight behaviours is making us increasingly aware of the sophistication of the underlying visual system. Like most diurnal flying insects the honeybee's natural visual environment is an opulent assortment of optical information. The large visual field of her compound eyes is filled with an array of spectral wavelengths and luminance modulations, all distributed nonuniformly and moving over her eyes in different directions relative to her body as she flies. From this veritable cacophany of visual information the honeybee is able to extract and process that information which is relevant to the control of her flight course and speed, both rapidly and accurately. There is currently much interest in the mechanisms which underlie the extraction of different types of visual information in the insect visual pathway. In this paper we consider a population of neurons involved in the process in the honeybee and examine the way in which certain sorts of information are simplified before being transmitted to the motor centres.
Wehner (1987) pointed out that information is filtered by insects at the most peripheral level in a way that is matched to the solution of a particular task. Behavioural evidence suggests that the honeybee's visual system simplifies its task by separating colour from motion information (eg Lehrer et al, 1990) . Certainly many motion-sensitive behaviours in the bee such as optomotor responses (Kaiser and Liske, 1974; Kaiser, 1975) ; movementavoidance responses (Srinivasan and Lehrer, 1984) and aspects of tracking moving targets (Zhang et al, 1990 ) are chromatically independent. This duality in the honeybee has been compared with the situation in vertebrates (eg Zhang et al, 1990; Lehrer, 1991) where perception of motion is believed to be subserved by the colourblind magnocellular pathway (Livingston and Hubel, 1987) . Recent neuroanatomical studies by Strausfeld and lee (1991) support the presence of 2 parailel retinotopic pathways in the insect optic lobe which appear to arise from each ommatidium within the retina. These authors suggest that this could form the basis of 2 independent pathways for colour and for motion in insects. The task of the pathway which concerns us in this article is that of guiding and stabilising the honeybee's flight upon the basis of motion information.
We have physiologically characterised a large number of identified interneurons which descend from the brain to the thoracic motor centres of the bee (Fletcher et al, 1984; Goodman et al, 1987 Goodman et al, , 1990 Goodman et al, , 1991 Ibbotson, 1990 Ibbotson, , 1991 Ibbotson and Goodman, 1990; Bidwell, 1992) . Analysis of the response characteristics of these de- scending neurons (DNs) shows that they give directionally selective responses to widefield motion over the compound eyes and suggests that they might represent one of the final stages of a motion processing pathway. They thus provide a tool with which to examine the way the different parameters that influence motion processing have been filtered and matched to the requirements of flight control.
The response properties of the neurons were examined by stimulating the bee using either mechanically moved squarewave gratings or electronically generated sine-wave gratings ("Constable" image generator, Cardiff Visual Systems) presented on an X-Y display monitor (Tectronix 608) . Specific details of the stimulating regimes for each experiment are included in the legends of appropriate figures. Following intracellular recordings the cells were identified by iontophorectic injection of dye, either cobalt chloride (Goodman et al, 1990 (Goodman et al, , 1991 Ibbotson and Goodman, 1990; Ibbotson, 1991; or Lucifer yellow (Bidwell, 1992 (Eckert, 1981; Strausfeld, 1984; Strausfeld et al, 1987 ).
An analogous segregation of directional selectivity appears to exist in the honeybee as DNs within each cluster associated with POT I or POT II share a common preference for either horizontal or vertical motion (Ibbotson, 1990) . This division corresponds with that proposed for lobula neurons which travel along POT I (Hertel and Maronde, 1987) and POT II (Ibbotson, 1990) respectively. (Tyrell and Owens, 1988 (Rind, 1990 (Reichardt and Poggio, 1976) . By calculating the signal spectra generated by a moving random pattern, Srinivasan and Dvorak (1980) (Fletcher, 1984; Pomfrett, 1987; Ibbotson, 1989; Goodman et al, 1987 Goodman et al, , 1990 (Pomfrett, 1987) . This revealed that the DNs were tuned to particular sorts of simulated motion (Goodman et al, 1990; Ibbotson, 1990 Ibbotson, , 1991 Ibbotson and Goodman, 1990 Rowell and Reichert, 1986) . Course deviations rarely have perfect symmetry and the correction of roll (Srinivasan, 1977) (Waldvogel and Bausenwein, 1991) and Musca (Egelhaaf, 1989) . Different steering muscles mediate different behavioural response components during object orientation, optomotor yaw control and landing and presumably receive inputs from pathways selectively tuned to specific sorts of motion. DNIII 4 is the only neuron tested which consistently integrates expansion in a nearly linear fashion and strongly inhibits contraction (fig 9a) . Thus the overall spatial integration properties of DNIII 4 recommend it for a role in landing. The honeybee does not display the stereotypical response of landing as does the fly (Bidwell and Goodman, personal observation), but neither is she constantly airborne. So her deceleration prior to landing might rely on similar optical templates to those that control fly landing. The response associated with landing in flies is reflexive, and released by striped patterns with progressive bilateral motion (Eckert, 1984; Borst and Bahde, 1986, 1987) and centrifugal motion in front of the fly (Goodman, 1960; Perez de Talens and TaddeiFerretti, 1970; Wehrhahn et al, 1981; Eckert, 1984 ).
An integration model has been proposed to account for landing in flies. It operates upon signals from directionsensitive elementary movement detectors (EMDs: eg Borst and Egelhaaf, 1989), conceivably with the physical identity of those mobilised in optomotor responses (Borst and Bahde, 1986 ). In this model the output of the EMDs is spatially and temporally summed by a leaky integrator (Borst and Bahde, 1986) and then processed by a threshold device which determines whether landing occurs or not (Borst and Bahde, 1986 Borst, 1989; Rees and Spatz, 1989 ing frequency compared to DNVI 1 , which reaches the same relative firing level in the shortest time (75 ms). In order to prevent a landing response in mid-air when the integrator is filled, the input channels to the landing integrator should switch themselves off if stimulation is weak. The DNs have been described as either phasic or tonically responding (Bidwell, 1992; Ibbotson, 1992) . By extrapolating from the exponential decay of the spike frequency measured in 100 ms bins to the point where the response is equal to 1/e x maximum firing frequency, it was found that DNIII 4 was more phasically responding than DNVI 1 . Thus DNIII 4 , which adapts to progressive motion much more rapidly (where the exponential decay of the response at 1/e is 580 ms) than DNVI 1 (where the exponential decay at 1/e is 825 ms) would be better suited to playing a role in the integration mechanism which may control landing. DNVI 1 would be better suited to the continual monitoring of optical flow. It has many blebbed outputs in the suboesphageal glanglion where it might directly impinge upon the dendrites of neck motor neurons (eg Pomfrett, 1987) . Head movements are often found in the control of yawing deviations in flying insects (eg Hengstenberg et al, 1986; Hensler, 1988; Hensler and Robert, 1990) . They are also made by insects when extracting distance information (eg locust: Wallace, 1959; Collett, 1978; Collett and Patterson, 1990; crickets: Goulet et al, 1981) . Honeybees can use motion parallax in figure-ground discrimination to detect a landing site (Srinivasan et al, 1989) . Thus it is possible that the response of DNVI 1 might detect a template used to modulate the orientation of the head towards the sort of motion border which indicates the edge of a landing site. In this sense this would reflect the inclusion of information processed by a motion parallax subsystem.
Motion parallax can reveal information about the structure of the world (eg Lehrer et al, 1988) which is essential to the honeybee in the visual mediation of translatory flight. The velocity profile of the honeybee's world as she flies is 'inhomogenous' (Buchner, 1984) . The component retinal velocities generated in forward flight differ in their direction and size with respect to the parts of the eyes subtending them and due to the distance of objects from the bee and their distribution in the scene. This means that mechanisms which control translatory movements must also incorporate information about the location of the locally defined vectors (Collett, 1980) . The second operating rule for optomotor control proposed by Collett (1980) (fig 1, 3, 4) 
